Background: Animal studies suggest the beneficial effect of hardness of diet on body weight and adiposity. No human studies have examined hardness of diet in relation to obesity. Objective: We examined cross-sectional associations of hardness of the habitual diet with body mass index (BMI; in kg/m 2 ) and waist circumference in free-living humans. Design: Subjects were 454 female Japanese dietetic students aged 18 -22 y. Dietary hardness was assessed as an estimate of masticatory muscle activity for the habitual diet (ie, the difficulty of chewing the food). The consumption of a total of 107 foods was estimated by means of a self-administered, comprehensive diet history questionnaire, and masticatory muscle activity during the ingestion of these foods was estimated according to published equations. Waist circumference was measured at the level of the umbilicus. Results: Mean BMI was 21.4 (95% CI: 21.1, 21.6), and mean waist circumference was 73.6 (72.9, 74.3) cm. Mean dietary hardness was 178 (175, 181) mV ⅐ s/1000 kcal. Dietary hardness was not significantly associated with BMI. However, it was negatively associated with waist circumference (P for trend ҃ 0.005). This association remained after adjustment not only for potential confounding factors (P for trend ҃ 0.028) but also for BMI (P for trend ҃ 0.002). Conclusions: Whereas no association between dietary hardness and BMI was seen, increasing dietary hardness was associated with lower waist circumference even after adjustment for BMI in freeliving young Japanese women. This finding could make innovative contributions to the literature and raise issues for future studies regarding diet and obesity.
INTRODUCTION
Because the human genome has hardly changed since the emergence of behaviorally modern humans Ȃ10 000 y ago, contemporary humans are still genetically adapted for the foods consumed by our remote ancestors (1) (2) (3) (4) (5) . The dietary choices of that time would necessarily have been limited to minimally processed or unprocessed-and, often, uncooked-wild plant and animal foods (2) . In contrast, the contemporary diet in affluent societies mainly consists of foods that could not have been regularly consumed before the development of agriculture, industrialization, and advanced technology such as food-processing procedures; these foods include dairy products, cereals, refined cereals, refined sugars, refined vegetable oils, fatty meats, salt, and combinations of these foods (3) . The collision of our ancient genome with the new conditions of life in affluent nations, including the dietary qualities of recently introduced foods is considered to be the ultimate factor underlying diseases of civilization, including obesity (3) (4) (5) . Given that probability, the differences between the ancient dietary patterns and those currently prevalent in industrialized countries appear to have important implications for the prevention and treatment of contemporary chronic diseases, including obesity. A dietary characteristic that would differ greatly between the ancient dietary patterns and the contemporary dietary patterns in developed societies is hardness of the diet, referred to hereafter as dietary hardness.
However, no human studies have examined with diligence the possible association between dietary hardness and diseases of civilization, such as obesity. In contrast, several studies in mice (6, 7) and rats (8, 9) suggested the beneficial effect of dietary hardness on obesity. In this preliminary study, we tried to examine hardness of the habitual diet in relation to body mass index (BMI; in kg/m 2 ) and waist circumference (WC; in cm) among young free-living Japanese women. For this examination, we assessed dietary hardness by using an estimate of masticatory muscle activity for the habitual diet, obtained with data on the consumption of a total of 107 foods estimated by a selfadministered comprehensive diet history questionnaire (DHQ) (10 -12) and data on masticatory muscle activities during the ingestion of these foods estimated according to published equations (13) .
SUBJECTS AND METHODS

Subjects
The present study was based on a multicenter nutritional survey conducted in February and March 2006 among female dietetics students from 10 institutions in Japan. All measurements at each institution were conducted according to the survey protocol. Briefly, staff at each institution explained an outline of the survey to potential subjects. Subjects who responded positively were then provided detailed written and oral explanations of the general purpose and procedure of the survey. A total of 474 women took part. For the present analysis, we selected 454 women who met the following 3 inclusion criteria: they were 18 -22 y old (n ҃ 467); were not currently receiving dietary counseling from a doctor or dietitian (n ҃ 468); and had a reported energy intake in the range of 1000 -3500 kcal/d (n ҃ 467).
Written informed consent was obtained from each subject, and also from a parent for subjects aged 20 y. The study protocol was approved by the Ethics Committee of the Japanese National Institute of Health and Nutrition (of Japan).
Dietary assessment
Dietary habits during the preceding month were assessed by using a self-administered comprehensive DHQ (10 -12) . Responses to the DHQ, as well as those to a lifestyle questionnaire, were checked at least twice for completeness. When necessary, forms were reviewed with the subject to ensure the clarity of answers. The DHQ is a 16-page structured questionnaire that consists of 7 sections: general dietary behavior; major cooking methods; consumption frequency and amount of 6 alcoholic beverages; consumption frequency and semiquantitative portion size of 118 selected food and nonalcoholic beverage items; dietary supplements; consumption frequency and semiquantitative portion size of 19 cereals (rice, bread, and noodles), soup consumed with noodles, and miso (fermented soybean paste) soup; and open-ended items for foods consumed regularly (ͧ1 time/ wk) but not appearing in the DHQ (10) . The food and beverage items were selected as foods commonly consumed in Japan, mainly from a food list used in the National Nutrition Survey of Japan, and standard portion sizes were derived mainly from several books of recipes for Japanese dishes (10) . Estimates of dietary intake for a total of 150 food and beverage items (including 5 seasonings), energy, and nutrients were calculated by using an ad hoc computer algorithm for the DHQ based on the Standard Tables of Food Composition in Japan (14) . Information on dietary supplements and data from the open-ended questionnaire items were not used in the calculation of dietary intake (10) .
Detailed descriptions of the methods used to calculate dietary intake and the validity of the DHQ with respect to nutrients have been published elsewhere (10 -12 
Estimation of dietary hardness
In the present study, dietary hardness was assessed as estimated masticatory muscle activity needed for the habitual diet (ie, the difficulty of chewing the food in the diet). Whereas the habitual diet was assessed by DHQ (10 -12) as described above, estimates of masticatory muscle activity for each food in the DHQ were obtained from equations published by Yanagisawa et al (13) . Those authors measured the activities of 6 muscle regions (mV ⅐ s) involved in mastication (right and left masseters and anterior and posterior temporalis) by using electromyography during the ingestion of the same volume (1.3 ҂ 1.3 ҂ 1.3 cm) of 16 selected foods with various physical properties by 20 healthy Japanese adults (10 men and 10 women) with a mean age of 21 y. They found that masticatory muscle activities (mV ⅐ s/2.197 cm 3 ) were highly correlated with the physical properties of foods (ie, firmness, cohesiveness, and strain) as measured with a texturometer (GTX-2; Zenken KK Inc, Chiba, Japan) and developed the following equations (13) where R 2 ҃ 0.81. Using the information on the physical properties of foods they had measured earlier with a texturometer (15), Yanagisawa et al (13) then estimated masticatory muscle activities for a total of 144 foods according to one of their equations, by using the available variables (ie, firmness, cohesiveness, and strain).
They did not, however, cross-validate the equations to show their applicability (13) . We therefore conducted a crossevaluation by using data reported by Shiono et al (16) . Those authors measured the activities of 4 muscle regions (mV ⅐ s) involved in mastication (right and left masseters and anterior temporalis, but not posterior temporalis) by using electromyography during the ingestion of standard-sized bites (2.4 -44.5 g) of 46 selected foods with various physical properties by 6 healthy Japanese adults (3 men and 3 women) aged 23-27 y. By careful direct matching, information on masticatory muscle activities for a total of 18 foods was available from Shiono et al (16) and information on physical properties was available from Yanagisawa et al (15 2.197 , assuming that the density of all foods ҃ 1)] (13) was 0.88 among these 18 foods. This high correlation suggests the applicability of the equations developed by Yanagisawa et al, despite the differences in masticatory muscles measured and in the amounts of foods consumed in the studies of Yanagisawa et al (13) and Shiono et al (16) .
We directly matched each food item on the DHQ (n ҃ 150) (10 -12) with foods for which information on masticatory muscle activities was available (n ҃ 144) from Yanagisawa et al (13) . During the calculation of dietary hardness, we excluded from the 150 food items on the DHQ beverages (22 items), soups (4 items), seasonings including fat and oil (16 items), and water (1 item). Foods for which masticatory muscle activities had not been determined (21 items) were assigned a value according to that of a comparable food. Because the physical properties (and hence the hardness, or difficulty of chewing) of vegetables are greatly influenced by cooking with heat (13), we took those influences into account as much as possible. For tomatoes and cucumbers, we used values for raw tomatoes and raw cucumbers, respectively, because these vegetables are usually consumed without heating in Japan. For cabbage, we used a weighted mean of a value for raw cabbage and that for boiled leafy vegetables (because of a lack of information on boiled cabbage), based on the ratio of the observed consumption (g/d) of raw cabbage to that of cabbage cooked with heat (ie, 4:6) in 92 women (S Sasaki, unpublished observations, 2006). For carrots, we used a weighted mean of a value for raw carrots and that for boiled carrots, based on the ratio of the observed consumption (g/d) of raw carrots to that of carrots cooked with heat (ie, 3:7) in 92 women (S Sasaki, unpublished observations, 2006). For other vegetables, we used values adjusted for cooking with heat, given that these foods are usually consumed after cooking with heat in Japan. Dietary hardness was calculated as the sum of the products of estimated masticatory activities (mV ⅐ s/2.197 cm 3 ) and the volume of food consumed (cm 3 /d) divided by 2.197. For the estimation of food volume, we simply converted weight in grams to weight in cubic centimeters for all of the foods, on the assumption that the density of all foods ҃ 1. Because the crude value of dietary hardness was strongly correlated with energy intake (Pearson's correlation coefficient ҃ 0.75), the energy-adjusted value (mV ⅐ s/1000 kcal) was used in the present study. Estimates of masticatory muscle activity for the 107 food items used to calculate dietary hardness are presented in Table 1 . We could not investigate the validity of the DHQ against the 16-d dietary records (which we used to investigate the validity of other dietary variables, as described above) in assessing dietary hardness, because an insufficient number of foods (n ҃ 144 items) with information on hardness (ie, masticatory muscle activity) (13) prevented the calculation of dietary hardness by the 16-d dietary records.
Anthropometric measurements
Body height was measured to the nearest 0.1 cm while the subjects were standing and not wearing shoes. Body weight was measured to the nearest 0.1 kg while the subjects were wearing lightweight indoor clothing. WC was measured to the nearest 0.1 cm at the level of the umbilicus. The measurement was taken at the end of a normal respiration while the subjects were standing erect and with the arms at the side and the feet together.
Other variables
In the lifestyle questionnaire, the subject reported her residential area, which was grouped into 1 of 3 regions: northern (Kanto and Tohoku), central (Tokai, Hokuriku, and Kinki), or southern (Kyushu and Chugoku) Japan. The residential areas were also grouped into 3 categories according to population size (city with population ͧ 1 million, city with population 1 million, or town or village). Current smoking status (yes or no) and whether the subject was currently trying to lose weight (yes or no) were self-reported in the lifestyle questionnaire. Physical activity was computed as the average metabolic equivalent-hours [MET ⅐ h/d (17) ], on the basis of the frequency and duration of 5 different activities (sleeping, high-and moderate-intensity activities, walking, and sedentary activities) over the preceding month as reported in the lifestyle questionnaire. Rate of eating (slow, medium, or fast) was self-reported as part of the DHQ.
Statistical analysis
All statistical analyses were performed with SAS software (version 8.2; SAS Institute Inc, Cary, NC). With the use of the PROC GLM procedure, linear regression models were constructed to examine the association of dietary hardness with BMI and WC. For analyses, subjects were categorized into quintiles according to dietary hardness values (mV ⅐ s/1000 kcal). Mean (Ȁ SE) values of BMI and WC were calculated by quintiles of dietary hardness with or without adjustment for potential confounding factors, including residential area, size of residential area, current smoking, currently trying to lose weight, physical activity (total MET ⅐ h/d, continuous), rate of eating, and energy intake (kcal/d, continuous). In the analysis of WC, BMI (continuous) was also included as a confounding variable. We also conducted analyses with further adjustment for nutrient intakes, including protein (% of energy, continuous), fat (% of energy, continuous), and dietary fiber (g/1000 kcal, continuous). Because alcohol intake was extremely low (x : 1.4 g/d), alcohol intake was not considered a confounding factor. We tested for linear trends with increasing levels of dietary hardness by assigning each participant the median value for the category and modeling this value as a continuous variable. All reported P values are 2-tailed, and P 0.05 was considered significant.
RESULTS
Basic characteristics of the subjects are shown in Table 2 . Mean BMI was 21.4 (95% CI: 21.1, 21.6), and mean WC was 73.6 (72.9, 74.3) cm. Mean dietary hardness was 178 (175, 181) mV ⅐ s/1000 kcal (range: 101-289 mV ⅐ s/1000 kcal). The top contributor to dietary hardness was well-milled rice (27.0%), and next were spaghetti (4.1%), pork (3.9%), green leafy vegetables (3.7%), and cabbage (3.4%), as shown in Table 1 . Potential confounding factors are shown by quintile of dietary hardness in Table 3 . There was a negative association between dietary hardness and rate of eating. Dietary hardness was negatively associated with energy and fat intakes and positively associated with protein and dietary fiber intakes. 1 These 107 food items from the 150 items in the diet history questionnaire were used for the calculation of dietary hardness. The remaining 43 items not used consisted of 22 beverages [fruit juice (100%), other fruit juice, tomato juice, vegetable juice, beer, sake, shochu, shochu mixed with water or a carbonated beverage, whiskey, wine, green and oolong tea, black tea, coffee, cocoa, lactic acid bacteria beverages, sugar-sweetened soft drinks, sugar-free soft drinks, nutritional supplement drinks, full-fat milk, low-fat milk, skim milk, and cream or creamer added to coffee], 4 soups (corn soup, Chinese soup, soup consumed with noodles, and water for miso soup), 16 seasonings including fat and oil (sugar for coffee and black tea, sugar used during cooking, butter, margarine, mayonnaise, salad dressing, fat-free salad dressing, oil used during cooking, miso as seasoning, miso for miso soup, ketchup, table salt, salt used during cooking, soy sauce, curry and roux in stew, and artificial sweeteners), and drinking water. Food items are listed in the descending order of their mean contribution to overall dietary hardness.
2 Based on the data for subjects in the present study (454 Japanese women aged 18 -22 y). 3 x Ȁ SD (all such values). 4 These 21 food items were assigned the hardness value of a comparable food.
Mean values of BMI and WC across quintiles of dietary hardness are shown in Table 4 . Dietary hardness was not significantly associated with BMI, regardless of adjustment for potential confounding factors. Conversely, dietary hardness was significantly and negatively associated with WC (in model 1, the mean difference in WC between the lowest and highest quintiles of dietary hardness was Ҁ2.9 cm; P for trend ҃ 0.005). The significant negative association between dietary hardness and WC remained after adjustment for potential confounding factors (in model 2, mean difference: Ҁ2.7 cm; P for trend ҃ 0.028) and also BMI (in model 4, mean difference: Ҁ2.4 cm; P for trend ҃ 0.002). This inverse association seemed mainly due to the composition of the diet, because it disappeared after further adjustment for dietary intake (models 3 and 5).
DISCUSSION
To our knowledge, this is the first study to examine dietary hardness in relation to BMI and WC in humans. We found that, whereas there was no association with BMI, dietary hardness was negatively associated with WC even after adjustment for BMI in free-living young Japanese women. No human studies have examined the association between dietary hardness and obesity, but several animal studies have suggested the beneficial effect of a hard diet on obesity. Mice fed a hard diet from age 4 wk had a significantly lower body weight at age 36 wk than did mice fed a normal diet (6) . In addition, body-weight gain from 4 to 9 wk of age was significantly smaller in male (but not female) mice fed a hard diet than in those fed a soft diet (7), and body-weight gain at age 6 wk was significantly smaller in rats fed a hard diet from age 1 wk than in those fed a soft diet (8) . Furthermore, rats fed a hard diet from age 4 -26 wk had significantly lower body weight and abdominal white adipose tissue than did those fed a soft diet (9). We do not know why we found unexpected null association with BMI (but found the expected inverse association with WC). Several limitations of the present study, such as the narrow range of BMIs in the subjects, the study's cross-sectional design, and the use of a new and as yet unestablished method for assessing dietary hardness, may at least partly explain the null finding on BMI. Alternatively, the difference in abdominal white adipose tissue was much larger (22%) than that in body weight (6%) between rats fed a soft and those fed a hard diet (9) , which may suggest that dietary hardness affects abdominal obesity (eg, WC) more strongly than it affects overall obesity (eg, BMI).
The negative association between dietary hardness and WC was independent of energy intake. Less body weight gain with a hard diet was related to decreased food intake in a study of rats (8) . Conversely, the effect of dietary hardness on obesity was independent of the amount of foods consumed in other studies of mice (6) and rats (9) , which may be due to increased thermogenesis (9) or unknown mechanisms. However, the negative association between dietary hardness and WC was not independent of diet composition, because that association disappeared after control for dietary composition. This finding is not consistent with findings from animal studies, because dietary hardness had a beneficial effect on obesity independent of diet composition (6 -9) . However, the question of whether the association of dietary hardness with obesity is independent of dietary composition should be examined and interpreted with caution, because, whereas dietary hardness can freely be changed in animal models while dietary composition remains constant, dietary hardness is associated with dietary composition in the diet of free-living humans. In the present study, greater dietary hardness was associated with healthier dietary patterns, including lower energy and fat and higher protein and dietary fiber. Several human studies have supported the favorable effects of healthy dietary patterns, including a high intake of dietary fiber (18 -21) and a low intake of dietary fat (18, 19) , on WC, which does not conflict with our finding.
Several limitations of the present study should be acknowledged. First, our subjects were selected female dietetics students, not a random sample of Japanese women, and the exact response rate was unknown because of our recruitment procedure; these elements of the design may produce recruitment bias. Thus, it may be that our results cannot be extrapolated to the general Japanese population.
Second, because this was a cross-sectional study, reverse causation may have occurred. However, it is unlikely that subjects with a large WC would intentionally change the hardness of their diet as a result of an increase in WC, because the notion that dietary hardness is associated with a measure of obesity is not well known. Furthermore, adjustment for intentional dietary change within the preceding year (yes or no), assessed as part of the DHQ, did not materially change the present results (data not shown). It is therefore reasonable to consider that our findings are not due to reverse causation. Third, our DHQ was not designed specifically to measure dietary hardness, and the validity of the DHQ with respect to dietary hardness was unknown. The satisfactory validity of the DHQ for a wide range of nutrients and foods (10 -12 (22) , although the estimation of dietary hardness by using dietary records would be less reliable because the database of hardness (ie, masticatory muscle activity) is limited to a few food items (13) . Moreover, we simply converted weight in grams to weight in cubic centimeters for all foods, assuming that the density of all foods ҃ 1, even though for some foods that are high in air content (eg, snack foods), weight and volume are not directly proportional (23) . Nevertheless, foods making the greatest contribution to dietary hardness in the present study did not seem to have this disproportional relation between weight and volume (see Table 1 ). Because the procedure we used provides only an approximation of the actual hardness of habitual diet, the results of the present study should be interpreted with great caution. Nevertheless, our findings should provide valuable insights into this poorly explored research issue. Furthermore, misreporting of food intake, particularly by overweight persons, is a serious problem in self-reported dietary assessment methods (24) . Consistent misreporting across all types of foods likely has little influence on energy-adjusted dietary hardness values (25) , but studies indicate that overweight persons may selectively underreport their intakes of fatty or sugary foods (26, 27) , which could cause dietary hardness estimations to be higher than actual values. In the present study, the potential shared error created by underreporting of dietary measures by subjects with a high BMI (and WC) would likely have weakened the associations of dietary hardness with measures of obesity and could possibly have led to a null finding; this possibility may at least partly explain the lack of association with BMI. Nonetheless, we did find a significant negative association with WC.
Finally, although we attempted to adjust for a wide range of potential confounding variables, we could not rule out residual confounding. Physical activity in particular was assessed relatively roughly from only 5 different activities, a number that may not have been sufficient. In addition, whereas dental status has an influence on food and nutrient intakes and on obesity (28 -30) , particularly in older persons, we unfortunately had no information on the subjects' dental status, which could confound the present results for young women. Although impaired dental status may be less pervasive in young than in elderly populations, and although the percentage of subjects in a similar population (3828 Japanese female dietetics students aged 18 -20 y) who had been diagnosed by a dentist as having a dental disease was relatively small (8%) (S Sasaki, unpublished observations, 2007), further research on dietary hardness and health should take the subjects' dental status into account.
In conclusion, the results of the present study showed that, whereas there was no association between dietary hardness and BMI, dietary hardness was a significant independent determinant of WC in a group of free-living young Japanese women. Because these observations are generally consistent with the results of several animal studies (6 -9) , the present findings could make innovative contributions to the literature and raise issues for future studies on diet and obesity. However, because this is a preliminary study with a novel, as yet unestablished method of assessing dietary hardness, the results should be interpreted with great caution; nevertheless, applications of the method of assessing dietary hardness to other similar datasets would be of some interest. To better understand the influence of dietary hardness on obesity, further observational and intervention studies are clearly needed. To conduct such investigations, it is urgent to develop a database of values for a variable indicating hardness (eg, masticatory muscle activity) of various food items.
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